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Methods

Experimental. All experiments were performed in an ultrahigh vacuum chamber maintained at
pressures of a few 10~!! Torr using magnetically suspended turbomolecular pumps in combination
with and an oil-free scroll pump; the experimetnal setup used in this work has been described
previously."? A closed-cycle helium cryostat cooled a polished silver substrate to temperatures as
low as 5 K and enabled vertical translation and horizontal rotation via an adjustable bellows and a
rotatable flange, respectively.!”> The experiments utilized ammonia (NHs3; Matheson, 99.99%),
ammonia-d3 (ND3; Sigma-Aldrich, 99% D), methylamine (CH3NH2; 99.5% Matheson TriGas),
and methylamine-ds (CD3ND,; Cambridge Isotope Laboratories, 98% D). Once the substrate
reached 5 K, the ice mixture was prepared by depositing ammonia and methylamine independently
through separate glass capillary arrays at partial pressure of 1 x 1078 Torr.? During deposition, the
ice thickness was monitored in situ by laser interferometry through the recording interference
fringes generated by a helium-neon laser (632.8 nm) reflected from both the silver substrate and
the ice surface.* The thickness of NH3—CH3;NHz ice was determined to be 700 = 30 nm (Table S5)
using an average refractive index (n) of 1.36 = 0.04, calculated from the refractive indices of
ammonia (n = 1.33 + 0.01) and methylamine (n = 1.38 + 0.01) ices at 18 K.> Fourier transform
infrared (FTIR) spectra of NH3—CH3NHz and ND3;—CD3ND: ice mixtures were collected using a
Nicolet 6700 spectrometer (Thermo Electron) over 6000—500 cm™! with 4 cm™! resolution. The
ratio of ammonia to methylamine in NH3—CH3NH: ice was determined to be 1.0 + 0.5: 1 using
integrated infrared absorptions of v> mode at 1088 cm™! (2.1 x 1077 cm molecule™!) for ammonia,®
ve mode at 1423 cm™! (1.8 x 107" cm molecule™!), the combined vs and vi2 modes from 1433 to
1520 cm™! (1.73 x 107'8 cm molecule™!), the CH stretching region (v2, v3, and v11) spanning 2727—
3015 cm ™' (2.3 x 1077 ¢cm molecule ") for methylamine.® Ice densities of 0.68 + 0.01 g cm™> for

NH3 ice and 0.732 £ 0.01 g cm ™ for CH3NH: ice were used.’

After deposition, the ice mixtures were subjected to energetic electron irradiation using a 5 keV
electron gun (SPECS, EQ PU-22) to simulate secondary electrons generated by GCRs as they
penetrate interstellar ices in cold molecular cloud.”® The ice mixtures were irradiated at an
incidence angle of 70° with a beam current of 103 nA for 60 minutes (low dose) and 996 nA, 60
minutes (high dose) (Table S5). The low irradiation dose of 6.7 = 1.0 eV ammonia ' and 12 + 2

1

eV methylamine ! was calculated via Monte Carlo simulations with the CASINO software suite’
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and corresponds to GCR exposure over molecular cloud lifetimes of (3.9 = 0.6) x 107 years.!’

Monte Carlo simulations indicate an average penetration depth of 360 + 40 nm for electrons in
NH3;—CH3NH: ice, with 99% of the electron energy deposited within the upper 560 = 50 nm of the
ice—well below the total thickness of 950 + 50 nm-—thus preventing electron—substrate
interactions. Infrared spectra of the ices were collected in sifu before, during, and after electron

irradiation to monitor chemical evolution.

After irradiation, the ices were subjected to temperature-programmed desorption (TPD) by
heating from 5 to 320 K at a rate of 1 K min~'. Molecules desorbing into the gas phase during TPD
were photoionized with pulsed (30 Hz) vacuum ultraviolet (VUV) light at 10.70, 10.35, and 10.40—
10.61, which were generated via resonant four-wave mixing in a krypton gas jet through
difference-frequency generation (2w1—®2). The laser beams (w1 and ®2) were generated by two
tunable dye laser (Sirah Lasertechnik, Cobra-Stretch) pumped by two Nd:YAG lasers (Spectra-
Physics Quanta Ray PRO 270-30 and 250-30), with detailed VUV generation parameters provided
in Table S6. The VUV light was separated from the fundamental beams (w1 and ) using a
biconvex lithium fluoride lens in an off-axis configuration and directed 2.0 = 0.5 mm above the
ice surface to ionize subliming molecules in the gas phase. The resulting ions were analyzed with
a reflectron time-of-flight mass spectrometer (Jordan TOF Products) and detected using a dual
microchannel plate detector. lon signals processed through amplification and discrimination and
recorded using a multichannel scaler (FAST ComTec, MCS6A). Each mass spectrum was acquired

with a temporal resolution of 3.2 ns and was accumulated for 2 minutes (3600 sweeps).

Computational. All computations were conducted with Gaussian 16, Revision C.01.!! In general,
we used the density functional theory (DFT) B3LYP functional'>!'* in combination with the
Dunning correlation consistent split valence basis set cc-pVTZ!® for geometry optimizations and
frequency calculations. The electronic energies based on these geometries were refined at the
frozen-core coupled cluster'®'® CCSD(T)/cc-pVTZ and CCSD(T)/cc-pVQZ level of theory and
the obtained single point energies were extrapolated to the complete basis set limit**? using
ORCA 6.0.1.° The overall energy was obtained by correcting the electronic energies at the
CCSD(T)/CBS level of theory with the zero-point vibrational energies (ZPVE) calculated at the
B3LYP/aug-cc-pVTZ level of theory. The adiabatic ionization energies (IEs) were obtained by

taking the ZPVE-corrected energy difference between radical cationic and neutral species of
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similar conformations. The IE ranges are corrected for the combined error limits of —0.03/4-0.06
eV?* and the thermal and Stark effect by —0.03 eV (Table S4). Franck Condon factors were
computed at the same B3LYP/aug-cc-pVTZ level of theory. Cartesian coordinates and harmonic

frequencies are summarized in Table S7.
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Figure S1. Infrared spectra of (a) NH;—~CH3NHz ice recorded before and after low-dose irradiation
(103 nA, 60 minutes) at 5 K, and (b) a magnified view with deconvolution of the 3150-1950 cm !
region. Absorptions attributed to NH3, CH3NH3, and new absorptions after irradiation are labeled

in magenta, black, and red, respectively. Detailed assignments are provided in Table S1.
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Figure S2. Infrared spectra of (a) ND3—CD3ND: ice recorded before and after low-dose irradiation
(102 nA, 60 minutes) at 5 K, and (b) a magnified view with deconvolution of the 2200—-1400 cm ™!
region. Absorptions attributed to ND3, CD3ND., and new absorptions after irradiation are labeled

in magenta, black, and red, respectively. Detailed assignments are provided in Table S2.
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Figure S3. Infrared spectra of (a) ND3;—CD3ND; ice recorded before and after high-dose irradiation
(972 nA, 60 minutes) at 5 K, and (b) a magnified view with deconvolution of the 2200—-1400 cm ™!
region. Absorptions attributed to ND3, CD3ND,, and new absorptions after irradiation are labeled

in magenta, black, and red, respectively. Detailed assignments are provided in Table S3.
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Figure S4. PI-ReToF-MS data of ammonia—methylamine ices during TPD. Data were recorded at 10.70 eV for the blank (unirradiated)
NH3;—CH3NH ice (a), low-dose irradiated NH3—CH3NH> ice (b) and ND3—CD3ND; ice at 10.70 eV (c), and high-dose irradiated ND3—
CDsND: ice recorded at 10.70 eV (d) and 10.35 eV (e).
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Figure S5. Photoionization efficiency (PIE) curve of m/z = 44 collected during TPD between 237
and 255 K after correction for temperature-dependent sublimation rate. Fitting the experimental
data with simulated Franck—Condon PIE curves of cyanamide-d> (1-d2) and 3H-diazirine-d> (2-d>)
shows that up to 7% of the total ion signal can be attributed to 2-d», indicating its tentative

assignment.
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Table S1. Observed absorption peaks of NH3—CH3NH- ice before and after irradiation (103 nA,

60 minutes) at 5 K.

Infrared absorptions
before irradiation (cm™!)

NH3 Assignment?®
4995 vi+ s
4474 vi+wm
3356 V3
3284 2v4
3191 Vi
1626 V4
1088 V2
CH:3NH: Assignment®>>-26

4948 v+ vs
3356 V1o
3284 Vi
3191 v(NH) H-bonding
2943 Vil
2883 V2
2794 V3
2969 2vi2
2921 Vst vi2
2898 2vs
2812 v4+ vy
1626 V4
1478 Vi2
1458 Vs
1423 V6
1164 V7
1040 Vg
923 V9

New infrared absorptions Assignment

after irradiation (cm ™)

4132
3039
2869
2740
2653
2540
2321
2085, 2058

v7+viz (C2He)?’
v3 (CH4)? / v, (CH.NH)®
C—H stretching?”-°
V2 + Vg (C2H6)27
vs + vi2 (C2He)?’
Ve + Vo (C2H6)27
C=N stretching™’
W(C=N) (CN)*!
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Table S2. Observed absorption peaks of ND3—CD3;ND: ice before and after irradiation (102 nA,

60 minutes) at 5 K.

Infrared absorptions
before irradiation (cm™!)

ND3 Assignment®
4809 2vi + 4
3696 Vi +vs
3311 v+
2495 V3
2439 Vi
2325 2vy
1180 V4

838 V2

CDsND2 Assignment®?

4809 2vi
2968 vz + Vg
2943 vi1 (CH3NH?)
2864 v2 (CH3NH>)
2803 v3 (CH3NH>)
2495 V10
2439 Vi
2369 v(ND) H-bonding
2347 V4 + V11
2240 2v7
2224 Vi1
2196 V2
2064 V3

1208 V4

1118 V7

1073 Vg

930 %)

New infrared absorptions .
after irradiation (gr)n_]) Assignment

2234 CD stretching
1904 vs + v (C2De)?’
1599 vs (CD2ND)%
1568 V(NCN)?*?
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Table S3. Observed absorption peaks of ND3—CD3;ND ice before and after high-dose irradiation

(972 nA, 60 minutes) at 5 K.

Infrared absorptions
before irradiation (cm™!)

ND3 Assignment®
4814 2vi+ vy
3695 vi+ s
3347 v+
2499 V3
2439 Vi

2323 2v4
1179 V4

846 1)

CDsND2 Assignment®?

4814 2v
2973 V3 +vg
2499 V1o
2439 Vi
2371 v(ND) H-bonding
2347 V4 + V11
2250 2v;
2225 Vi1
2200 V2
2064 V3

1208 V4

1119 V7

1074 Vg

933 V9

New infrared absorptions Assignment

after irradiation (cm™!)

2973 v7 + vi2 (C2De)?’
2143 CD stretching
2079 vs (C2Dg)?’
1904 v3 + v (C2Dg)?’
1655 vii + vi2 (C2Dg)*’
1626 ve + vi2 (C2De)?’
1600 va (CD2ND)?
1569 v(NCN)*

S12



Table S4. Error analysis of adiabatic ionization energies (IEs) and relative energies (AE) of CH2N»
isomers calculated at the CCSD(T)/CBS//B3LYP/aug-cc-pVTZ level of theory including the zero-
point vibrational energy (ZPVE) corrections. The IE ranges are corrected for the combined error

limits of —0.03/+0.06 eV?* and the thermal and Stark effect by —0.03 eV.

Isomers Structure AE Computed  Corrected IE
(kJ mol ™) IE (eV) ranges (eV)
1 .
Cyanamide w 0 10.58 10.52-10.61
w
2
3H-Diazirine "D% 178 10.43 10.37-10.46
w
3 M 186 10.29 10.23-10.32
Isocyanamide Py
4
Methanediimine @@ 1 1024 10.18-10.27
S 63 9.63 9.57-9.66
1H-Diazirine ' ’ '
6
Methyl, 2-hydrazinyl-1- Nm 236 9.08 9.02-9.11
ylidene-
7
Diazomethane b-“ 32 9.00 8.94-9.03
w

S13



Table S5. Experimental parameters of ammonia—methylamine ices: ice composition, ratio, thickness, irradiation current and time, and

photon energy.

Ratio of

. . Thickness  Current Irradiation Dose (eV/ Dose (eV/ Photon

Ice composition ammonia to . . .

methylamine (nm) (nA) time (s) ammonia) methylamine) energy (eV)
NH;-CH3;NH» 09+0.5:1 700 + 30 - - - - 10.70
NH3;—CH3NH» 0.5+£03:1 700 + 30 103 £2 3600 + 10 6.7+1.0 12+2 10.70
ND;3;-CDs;ND» 04+0.1:1 700 + 30 102+ 1 3600 + 10 77+12 14+2 10.70
ND3;—CD3ND» 09+02:1 700£30 996+ 10 3600 + 10 76 + 12 135+ 21 10.70
ND;-CDs;ND» 1.0+£0.2:1 70030  972+£10 3600 + 10 74+ 11 132+ 20 10.35
ND3;—CD3ND» 14+05:1 720+£40  1025+10 3600+ 10 78 £ 12 139+ 21 10.40-10.54
ND3;—CD3ND» 1.1+£03:1 750+40 1005+10 3600+ 10 76 + 12 137 +21 10.52-10.61
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Table S6. Parameters for generating vacuum ultraviolet (VUV) light, with the photon energy uncertainty of less than 0.001 eV.

VUV photon energy Nonlinear Laser
. Laser wavelength
(eV) medium in four- Dye for o) wavelength for Dye for 2
. for ®; (nm)
Qoi1—w2) wave mixing ®2 (nm)

10.70 Krypton 202.316 Rhodamine 610 and 640 796.573 LDS 798
10.52-10.61 Krypton 202.316 Rhodamine 610 and 640 714753 LDS 751
10.40-10.54 Krypton 202.316 Rhodamine 610 and 640 667-722 LDS 698

10.35 Krypton 202.316 Rhodamine 610 and 640 650.334 Rhodamine 640
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Table S7. Optimized Cartesian coordinates (distances in A), electronic energies (in hartree),

harmonic frequencies (cm™!), and infrared intensities (km mol ') of CH2N» isomers calculated at

B3LYP/aug-cc-pVTZ level of theory.

1 1 radical cation

N 1.192742  —0.009308  —0.000000 | N 1.134508  -0.202112  —0.000000
C —0.147453  —0.001016 0.000000 |C —0.134290  —0.035812 0.000000
H 1.625330  —0.354866  —0.843507 | H 1.655212 —0.270493  -0.879711
H 1.625330  —0.354866 0.843507 | H 1.655212  —0.270493 0.879711
N —1.300337 0.061259 0.000000 | N —1.313994 0.118733 0.000000
E =-148.8486067 E =-148.4666977

E[CCSD(T)/CBS] =-148.6218664 E[CCSD(T)/CBS] =-148.2320102

ZPVE = 21.3255 kcal mol ™ ZPVE =20.5533 kcal mol ™!

Frequency Intensity Frequency Intensity

411.5221 0.2169 379.4516 0.8966

489.7130 79.3987 409.9781 0.4718

563.8031 141.7468 759.3035 186.8130

1093.7343 10.0069 1126.7964 3.7895

1194.3711 0.0390 1183.8209 0.7914

1632.5373 39.2154 1601.7577 80.4213

2350.3298 118.4330 2063.5870 69.8052

3545.7901 40.0852 3378.5865 300.8298

3635.6087 65.8218 3473.9556 273.7512

2 2 radical cation

N 0.000000  —-0.607674 0.475872 | N —0.000000 0.534480  —0.521510
N —0.000000 0.607674 0.475872 | N 0.000000  —0.597988  —0.687787
C 0.000000  —0.000000  —0.872672 |C —0.000000 0.071502 0.933342
H 0.931848 0.000000  -1.416551 |H 0.977205  —0.009838 1.388629
H —0.931848  —0.000000  —-1.416551 | H —0.977205  —0.009838 1.388629

E =-148.7759796

E[CCSD(T)/CBS] = 148.5532859

ZPVE = 20.8699 kcal mol ™!

Frequency Intensity
827.6801 14.0601
988.2258 0.0000
1002.7159 32.6710
1025.6857 4.2675
1144.6669 3.7669
1499.3441 3.1667

E =-148.3944089

E[CCSD(T)/CBS] = -148.1668715

ZPVE = 18.8910 kcal mol ™!

Frequency Intensity
224.1791 4.1822
509.5657 0.0107
674.7281 12.5296
878.0015 31.1768
1067.3884 3.2289
1404.3983 12.1320
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1730.6800 23.1397 2012.4778 22.3882

3132.6337 6.1645 3127.9804 42.8812

3247.0452 9.4391 3315.7052 75.2802

3 3 radical cation

N 1.154127 0.010092  —0.000000 | N 1.058215  -0.263142  —0.000000

N —0.200442  —0.014110 0.000000 | N —0.186828  —0.048893 0.000000

H 1.496798  —0.463085  —0.828831 | H 1.551752  —0.348026  —0.894629

H 1.496798  —0.463085 0.828831 | H 1.551752  —0.348026 0.894629

C —1.364295 0.082473 0.000000 | C —1.379951 0.155752 0.000000
=—148.7779304 =—148.4049327

E[CCSD(T)/CBS] =-148.5505730 E[CCSD(T)/CBS] =—-148.1704840

ZPVE =21.1217 kcal mol ™ ZPVE = 19.9534 kcal mol ™!

Frequency Intensity Frequency Intensity

265.2047 1.3549 175.4666 0.5911

352.4071 5.3779 200.5967 13.5137

844.4880 123.4833 680.8759 159.9760

1053.5386 20.4404 1184.4584 5.7116

1342.8954 4.3799 1235.4504 0.3794

1659.9976 20.8101 1629.3049 49.6841

2217.9883 33.3598 2020.0144 329.4370

3475.3431 10.6086 3352.5758 217.4749

3562.9747 30.3254 3478.8618 238.6257

4 4 radical cation

C 0.000198  —0.017909  —-0.001709 |C —0.000000 0.000000 0.083712

N —1.210768 0.085927  —0.094204 | N 1.200028  —0.000000  —0.075291

N 1.210975 0.071883 0.106055 | N —-1.200028 0.000000  —0.075291

H 1.815238  —0.464925  —0.499808 | H —2.006664 0.000000 0.547749

H —1.814131 —0.533026 0.428497 |H 2.006664  —0.000000 0.547749

E =-148.8497725
E[CCSD(T)/CBS] =—-148.6162695
ZPVE = 20.4910 kcal mol ™!

Frequency Intensity
545.1149 0.4443
548.9176 72.7798
715.7462 89.5040
916.9507 441.9046
918.5857 14.6197
1288.0138 0.0000
2216.4862 703.4179
3590.3990 147.2469

E =-148.4734161
E[CCSD(T)/CBS] = -148.2364167
ZPVE = 18.1807 kcal mol ™

Frequency Intensity
222.7380 351.8951
471.8782 13.1116
517.2969 28.5769
592.9679 0.0000
760.4516 109.7934
1318.4123 0.1256
1805.2224 8.9475
3504.3791 705.5516

S17




3593.4584 23.8482 3524.2359 150.0997

5 5 radical cation

C 0.362980 —0.561586 0.013773 | C 0.402673 -0.621817 —-0.005229

N —0.898836 0.042220 -0.141371 | N -0.726566 0.051150 0.073270

N 0.661869 0.635767 0.010304 | N 0.599151 0.660612 -0.039214

H —1.310940 0.163292 0.787038 | H —-1.505893 0.252954 0.710601

H 0.805118 —1.547128 0.056993 | H 0.850827 -1.610335 -0.012690
=—148.7444342 =-148.3942772

E[CCSD(T)/CBS] =-148.5206107 E[CCSD(T)/CBS] =-148.1652085

ZPVE = 20.3922 kcal mol ™! ZPVE = 19.5208 kcal mol™!

Frequency Intensity Frequency Intensity

548.0821 7.7608 601.0120 100.2491

817.4672 24.4000 756.8742 65.7025

966.1262 56.0518 879.9409 52.4801

1035.4545 18.7495 958.5678 25.4798

1178.2445 30.2507 994.7045 5.7754

1344.9800 12.2867 1221.6355 16.2919

1789.6795 6.9539 1632.1169 27.2374

3204.4846 1.2572 3210.8774 110.9954

3380.0050 1.7673 3399.2376 298.2043

6 6 radical cation

N 0.271502 —1.115568 0.073407 | N -1.176243 -0.090731 —0.000000

N —-0.025194 0.081571 -0.024001 | N 0.081251 0.054106 —-0.000000

C -0.461331 1.161709 -0.248514 | C 1.234581 -0.014317 0.000000

H 1.285438 —-1.225761 0.024303 |H —1.647936 0.829678 —-0.000000

H -0.701095 1.993220 0.387868 | H 2.311445 —0.049892 0.000000

E =-148.7640902

E[CCSD(T)/CBS] = -148.5295357

ZPVE = 19.8592 kcal mol ™!

Frequency Intensity
475.0401 8.9772
529.5602 116.8626
646.9055 283.3073
839.1999 40.2271
1246.2942 118.4964
1319.3475 54.5182
2126.2701 421.2551
3290.3256 51.9843
3418.7885 14.0301

E =-148.4296348

E[CCSD(T)/CBS] = —148.1943337

ZPVE = 18.8538 kcal mol ™!

Frequency Intensity
421.8955 33.3892
436.6575 26.3120
624.0977 44.9530
646.6780 22.7624
1045.8051 85.0470
1288.9587 74.9042
2084.0177 3.9990
3310.1024 420.3964
3330.1860 63.9670
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N —0.000000 0.000000
N —0.000000  —0.000000
C 0.000000 0.000000
H 0.000000 0.950107
H —0.000000  —0.950107

E=-148.8015772
E[CCSD(T)/CBS] =-148.5682504
ZPVE = 19.8652 kcal mol™!

1.287561
0.155450
—-1.136620
—1.640680
—1.640680

7 radical cation

N —0.000000  —0.000000
N —0.000000  —0.000000
C 0.000000 0.000000
H 0.000000 0.966573
H —0.000000  —0.966573

E =-148.4679643
E[CCSD(T)/CBS] =-148.2368420
ZPVE = 19.5092 kcal mol™!

1.291807
0.179451
—1.154312
—1.645958
—1.645958

Frequency
429.6356
438.1438
581.1458
1116.9036
1208.8382
1439.8783
2190.8264
3184.9355
3305.5990

Intensity
0.2021
127.1371
7.9300
2.3631
4.9737
35.8292
446.9922
14.1755
2.7494

Frequency
386.6022
434.8546
747.7559
1051.2604
1111.6317
1401.7917
2150.5166
3107.9938
3254.4665

Intensity
0.9245
0.4029
44.6997
0.2939
3.1503
31.1897
25.4517
97.4798
88.7894
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